Specificity in plant-pathogen interactions
Phytopathogenic bacteria generally have limited host ranges, often confined to members of a single plant species or genus. This appears to result from negative factors restricting the host range ra.ther than from positive factors which allow the pathogen to infect its hosts. These negative factors are avirulence genes present in the pathogen, which interact with matching resistance genes in the host. When a pathogen carrying an avirulence gene attacks a plant with the corresponding resistance gene, a cascade of responses (the hypersensitive response, HR ; Klement, 1982) is triggered in the plant and this results in localized host-cell death, preventing spread of the pathogen and the onset of disease (the resistant response, described as an 'incompatible' interaction). In the absence of either one or both of the matching gene pair, the plant fails to recognize the bacterium as a pathogen, the H R is not triggered and disease will usually follow (a susceptible response, resulting from a ' compatible:' interaction).
It has been suggested that plants exhibit a number of non-specific defence reactions in response to an attempted invasion; the ability to overcome these defences and achieve basic compatibility is specific to pathogens for which the plant is a host (Gabriel & Rolfe, 1990) . Many positive pathogenicity factors have been identified in phytopathogenic bacteria, such as phytotoxins and extracellular proteases. Multiplicity of such factors may allow the bacterium to tolerate mutation of the genes encoding one or more of them without severe loss of pathogenicity. Thus, mutation of these genes generally reduces rather than abolishes pathogenicity. However, some positive factors have been identified as essential for the pathogen to cause disease; for example, Swarup et al. (1991) found that mutation of the Xanthomonas citri gene pthA resulted in complete loss of virulence towards the host plant.
Avirulence genes have been examined in a range of plant pathogens, including fungi, bacteria and viruses. For the purposes of this review we have focused on bacterial genes, which have been studied in detail in two ' species ' of bacteria, Pseudomonas syringae and Xanthornonas campestris. Since the activity of many avirulence genes has been shown to be dependent upon a signalindependent protein secretion system encoded by genes associated with the Hrp pathway, it is necessary to include a brief account of these genes.
hrp genes
Pathogenic potential toward plants requires a full set of hrp (hypersensitive reaction and pathogenicity) genes, which ,are also mandatory for elicitation of the hypersensitive response. The first hrp gene cluster was identified in P. syringae pv. phaseolicola (Lindgren et al., 1986) and others have since been isolated from almost all major Gram-negative plant-pathogenic bacteria (Willis et al., 1991) . Alfano & Collmer (1996) proposed that two main groups of bacteria can be distinguished in relation to their Hrp pathways: group I contains P. syringae and Erwinia amylouora and group 11, Pseudomonas solanacearum and X . campestris pv. uesicatoria. A new genus, Ralstonia, has recently been proposed to include P. solanacearum (Yabuuchi et al., 1995) , but for simplicity the original genus designation will be used here. The six to eight complementation groups in each cluster encode a type 111 protein secretion system, genes which regulate the expression of hrp and avirulence genes, and a proteinaceous elicitor of HR, called harpin (Bonas, 1994) .
Considerable homology has been identified between hrp genes and components of the type 111 protein secretion pathway in animal pathogens of the genera Yersinia, Shigella and Salmonella (Fenselau & Bonas, 1995 ; Huang et a/., 1995; Van Gijsegem et al., 1995) . At least three distinct pathways have been identified for the secretion of proteins across the inner and outer membranes of Gram-negative bacteria (Salmond & Reeves, 1993) . The type I11 pathway is unique among these in its ability to deliver virulence proteins directly into host cells (Rosqvist et al., 1994) . Proteins secreted by this system lack N-terminal signal peptides and because secretion is often dependent on contact with host cells, they are not detected outside of the bacterial cells in culture (Rosqvist et a/., 1994) . In consequence, genes common to plant and animal pathogens in the type 111 secretion pathway have been designated hrc genes, with the designation hrp being retained for other genes associated with the Hrp pathway (Bogdanove et al., 1996) . 
+ +

Control of hrp and avr gene expression
The two types of Hrp pathway (groups I and 11) are exemplified by those of P. syringae and X . campestris pv. vesicatoria, respectively, and encode different regulatory systems, which are environmentally responsive to the intercellular environment of the plant host. In P. syringae pv. syringae, hrpS encodes a response regulator, activating the transcriptional activator hrpR . In P. syringae pv. phaseolicola, structurally similar genes are thought to function as a dimer (Grimm et al., 1995) . These genes activate hrpL, an alternative sigma factor, which in turn controls expression of hrpresponsive genes , under conditions akin to those found in planta, namely low osmolyte content, pH and nutrient content. HrpL binds to the hrp-box, a conserved sequence domain found upstream of all P. syrirtgae hrp genes . Expression of P. syringae avirulence genes occurs under similar environmental conditions to hrp genes, by virtue of the hrp-box found upstream of their ORFs (Jenner et al., 1991; Innes et al., 1993; Salmeron & Staskawicz, 1993 ; Shen & Keen, 1993) . The expression of many has been confirmed to be HrpRS-and HrpL-dependent (Huynh et al., 1989; Innes et al., 1993; Salmeron & Staskawicz, 1993; Shen & Keen, 1993; Ritter & Dangl, 1995) . Sigma-54 promoters, which occur in genes involved in specialized metabolism or environmental adaptation, have also been found upstream of some of the P. syringae-type avirulence genes, including avrD (Shen & Keen, 1993) , and one of the transcriptional units of avrE (Lorang & Keen, 1995) . The presence of such promoters could suggest an alternative role for these genes, in nutrient metabolism or some other adaptation to the environment in planta.
The hrp clusters from Xanthomonas and P. solanacearum have not been found to encode regulatory cascades, but have PIP-boxes (plant inducible promoter) in their promoter sequences (Fenselau & Bonas, 1995) . This is unrelated to sigma-54 or sigma-70 binding sites, or the hrp-box. In P. solanacearum, expression is dependent on HrpB, a member of the AraC family of positive activators (Genin et al., 1992) . A homologous hrp gene, designated hrpX, has been isolated from X . campestris pv. vesicatoria and shown to be essential for transcriptional activation of the hrp gene cluster. The peptide sequence has a helix-turn-helix motif in the Cterminal region of HrpX that may interact with the PIPbox promoter (Wengelnik & Bonas, 1996) . PIP-boxes have been found in the promoter sequences of some avirulence genes and expression has been shown to be constitutive, i.e. independent of the hrp cluster, although mutation of any of the hrp genes abolishes avirulence gene function (Knoop et af., 1991) .
The gene-for-gene concept
Gene-for-gene interactions determining race-cultivar specificity are proposed to be superimposed upon basic compatibility (Ellingboe, 1982) . This interaction of dominant, matching avirulence and resistance genes in the pathogen and host, respectively, was proposed by Flor (195.9 , following his studies on the interaction between flax and the rust fungus, Melampsora lini. Ellingboe (1976) , with the aid of the quadratic check ( Table l) , proposed that specificity lay in the direct interaction of the gene products, since if more than one gene were involved, the simple pattern of interaction would not obtain. The avirulence gene product was envisaged to be the elicitor of the HR, interacting with a host receptor encoded by the resistance gene. Cloning and mutation of a number of avirulence and resistance genes have provided little support for such a model, since no avirulence gene product has ever been shown to be secreted from the interior of the bacterial cell (Collmer, 1996) . However in practice, the gene-for-gene hypothesis still provides a reliable basis to account for the outcome of plant-pathogen interactions.
Why have avirulence genes?
From the point of view of a phytopathogenic bacterium, carrying genes that allow potential hosts to recognize and resist any attempted attack could be considered to be a disadvantage. This suggests that, in addition to the obvious function which has led to the isolation and characterization of these genes, they have other functions that are beneficial to the bacterium, outweighing the negative effects. Some avirulence genes have been found to confer a selective advantage on their host bacteria (Dangl, 1994) .
All isolates of X. campestris pv. vesicatoria, as well as a range of other pathovars examined, harbour the chromosomal avrBs2 gene (Minsavage et al., 1990) . Mutation of this gene resulted not only in loss of avirulence, but also in reduced virulence, reflected in a reduced growth rate in the pepper host plant. Mutation of a homologous gene in X. campestris pv. alfalfae resulted in a similar growth rate reduction in alfalfa, confirming the importance of this gene for fitness in both of these pathovars (Kearney & Staskawicz, 1990) . Recent DNA sequence analysis of the avrBs2 gene has revealed homology to two enzymes involved in the synthesis or hydrolysis of phosphodiester bonds, agrocinopine synthase from Agrobacterium tumefaciens and UgpQ from Escherichia coli. Both spontaneous and induced mutations in avrBs2 were shown concomita.ntly to alter both virulence and avirulence in X . campestris pv. vesicatoria, suggesting a dual role in recognition and pathogenicity (Swords et al., 1996) .
Mutation of avrE, a complex avirulence locus comprising two divergently transcribed ORFs closely linked to the hrp gene cluster in P. syringae pv. tomato strain PT23, greatly reduced virulence and bacterial multiplication in tomato leaves; a lesser, but similar effect was seen when avrA was similarly mutated (Lorang et al., 1994) . Inoculum densities appear to be critical in demonstrating these effects -only at (lower) levels more closely representing those which might be encountered in a field situation are the effects observed. However, genetic background also appears to be critically important in the expression of alternative roles for avirulence genes, since these authors also refer to unpublished results of the mutagenesis of an avrE homologue in the P. syringae pv. tomato strain DC3000, where no effect on virulence toward compatible tomato hosts was observed (Lorang et al., 1994) .
The avirulence genes avrPpiAl from P. syringae pv. pisi and avrPmaA1 from P. syringae pv. maculicola are virtually identical in peptide sequence and confer identical avirulence phenotypes on their respective pathovars towards pea, bean and Arabidopsis thaliana (Dangl et al., 1992) . However, marker-exchange mutagenesis of avrPmaAl in P. syringae pv. maculicola strain m2 resulted in the loss of avirulence towards A. thaliana ecotype Col-0 and also a loss of pathogenicity toward compatible ecotypes at low inoculum levels. The mutant produced no visible change in the HR on the non-hosts pea and bean (Ritter & Dangl, 1995) . This contrasts with the situation in pea, where marker-exchange inactivation of avrPpiAl in P. syringae pv. pisi abolished the avirulence phenotype toward R2-bearing cultivars, but did not affect growth or pathogenicity symptoms on
Vivian, unpublished results). In spite of the identity of the avirulence phenotypes produced by this gene in different host species, these observations could imply that the gene has a host-specific role in pathogenicity as a virulence factor.
Taxonomy and race-structure
The bacterial species X. campestris and P. syringae comprise groups of related phytopathogens, subdivided on the basis of host range into pathovars (Dye et al., 1980; Young et al., 1991 Young et al., , 1992 . The concept of a pathovar is problematical, since it varies with the group under consideration, for example P. syringae pv. syringae comprises phenotypically unrelated isolates with 
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relatively distinct host ranges (Legard et al., 1993) , whereas P. syringae pv. pisi comprises phylogenetically distinct lineages with a common host range (Arnold et al., 1997) .
Within the pathovar groups, a range of bacterial isolates may fall into a race-structure in terms of their interactions with cultivated varieties (cultivars) of the host. Each of these hosts comprises a number of cultivars, which differ in their resistance toward isolates of the pathogen, depending on the race-specific resistance genes they carry. For example, no race-specific resistance genes are present in pea cv. Kelvedon Wonder, which is compatible with all isolates of P. syringae pv. pisi, whereas only race 6 isolates (expressing no avirulence genes) are compatible with cv. Fortune, which carries three resistance genes (Bevan et al., 1995;  Table 2 ). The genetic bases of the race structures for both pathovars have been partially validated through genetic analysis of host resistance and the successful cloning of a number of the postulated avirulence genes (Bevan et al., 1995; Teverson et al., 1997 ; Table 3 ).
Race-change and evolution of novel races
One feature of gene-for-gene interactions is their lack of durability in terms of crop protection. Historically, breeders introduced genes conferring resistance to a particular pathogen, such as P. syringae pv. morsprunorum, a pathogen of cherry (Prunus auium), based on a single race. Subsequently, the latter resistance broke down with the advent of a trio of novel race types that had not been detected prior to the introduction of the resistant plants (Vivian et al., 1983) . It is not clear whether the novel races were present prior to the introduction of the resistance or whether they arose from a genetic modification (under strong selection) of a related pathovar.
The apparently disadvantageous nature of avirulence genes for a pathogen in terms of host range might favour the formation of new races through loss of avirulence specificities. Spontaneous mutants of the pepper pathogen, X . campestris pv. uesicatoria race 2, were found to have insertions of an element, IS476, in the aurBsl gene, causing loss of avirulence toward cultivars carrying the resistance gene, Bsl. This apparently specific inactivation caused a change of race from 2 to 1 and remains one of the few well-documented instances of racechange (Kearney et al., 1988; Swanson et al., 1988) . In contrast, mutants of X. carnpestris pv. uesicatoria race 1, which had lost avirulence toward pepper cv. ECW, had lost the native plasmid bearing avrBsT (Minsavage et al., 1990) .
Phylogeny of avirulence genes
Avirulence genes may be located either chomosomally or on plasmids; it is not clear what inference should be drawn from this observation, but a number of possibilities exist. In general, plasmid-borne genes have a higher copy number in the bacterial cell, are potentially more mobile than chromosomal genes (although only in the case of aurBs1 has the plasmid concerned been shown to be conjugative; Stall et a!., 1986) et al., 1992 ). This appears to correlate with two phylogenetically distinct groups (designated I and 11) within P. syringae pv. pisi, first detected among strains of race 4 (Cournoyer et al., 1996) and which separate race 2 isolates, in group 11, from those of races 5 and 7, in group I (Arnold et al., 1997) .
A majority of avirulence genes are restricted in their distribution to particular races within a pathovar, which exhibit the avirulence phenotype. In almost every case where this appears so, the gene is plasmid-borne, with the exceptions of aurB and avrPphB. The cultivarspecific genes aurBs2 and aurPphE.R2 are chromosomal and present in all races, including those that are virulent towards host plants harbouring the matching resistance gene, implying the presence of non-functional alleles (Minsavage et al., 1990; Mansfield et al., 1994) .
In many cases the G + C ratio of avirulence genes from P. syringae pathovars is below the normal range for this species. While the chromosomal aurPphE appears to be an exception to this statement at 57.6 mol%, values range from 40 mol% for aurPphB to 52.5 mol% for aurPphD. Both G + C ratio and location may have more to do with phylogeny than function. Nevertheless, the origin of these genes remains an intriguing question, as is whether their composition is a relic of evolution, or a feature that is preserved for some present functional aspect. It also appears that the genes comprising type 111 secretion systems have low G + C ratios, which has led to their description as 'pathogenicity islands ' and raised the question of how so many unrelated pathogens have acquired the same complex secretion system (Barinaga, 1996) .
Control of specificity at different levels
The heterologous expression of avirulence genes in related pathovars of P. syringae has enabled the detection of novel resistance genes, thought to be involved in non-host resistance (Whalen et al., 1988 (Whalen et al., , 1991 Kobayashi et al., 1989 ; Carney & Denny, 1990 ; Keen et al., 1990; Keen & Buzzell, 1991; Dangl et al., 1992; Fillingham et al., 1992; Ronald et al., 1992; Swarup et al., 1992; Wanner et al., 1993; Wood et al., 1994) . Two examples of genes that were originally cloned on the basis of their race/cultivar specificity and were subsequently shown to confer avirulence in another pathovar toward a non-host were described by Fillingham et al. (1992) . On transfer to P. syringae pv. phaseolicola, the gene aurPpiAl from pv. pisi conferred avirulence matching resistance in bean apparently controlled by two genes, one (causing a rapid HR) epistatic to the other (causing a distinguishably slower resistant phenotype); the same gene in pv. rnaculicola also matches a resistance gene in A. thaliana ecotype Col-0 (Dangl et al., 1992; Fillingham et al., 1992) . In a converse exchange of genes, transfer of aurPphB from P. syringae pv. phaseolicola to pv. pisi conferred avirulence toward all pea cultivars and in pvs maculicola and glycinea, it conferred avirulence toward A. thaliana and soybean, respectively (Fillingham et al., 1992; Simonich & Innes, 1995) .
Such interactions may be involved in limiting the host range of a pathogen in addition to the general defences of the plant, or may be artefactual. Kobayashi et al. (1989) found that avirulence genes from P. syringae pv. tomato exhibited cultivar-specificity on soybean when expressed in P. syringae pv. glycinea. None of the avirulence genes tested from P. syringae pv. tomato was able to elicit HR on all tested soybean cultivars, but collectively the four avirulence genes could account for the HR elicited in all cultivars. However, mutagenesis of these genes in pv. tomato showed that none were involved in limiting the host range to exclude soybean (Lorang et al., 1994) .
Avirulence genes fall into two groups
Bacterial avirulence genes that have been characterized fall into two groups : those that resemble aurBs3 from X . campestris pv. uesicatoria and those that do not. In the latter group are all P. syringae genes, together with some from X . campestris and P. solanacearum. This subdivision involves differences in both structural and functional characteristics, so that each group will be considered separately.
P. syringae-type avirulence genes
Fourteen different avirulence genes cloned from pathovars of P. syringae have been sequenced to date (Table  3 , except avrPphA, aurPphD and aurE), and these encode mainly hydrophilic peptides, generally ranging in size from 18 to about 40 kDa, but exceptionally up to 100 kDa (avrA). Seven genes from X . campestris and P. solanacearum that do not belong to the avrBs3 family, also fall into this group. Some of the genes have been isolated independently from more than one pathovar of P. syringae. A characteristic of the gene sequences is the absence of any recognizable features such as membranespanning domains or signal sequences, and a lack of homology to previously characterized genes of known function held in databases.
The best understood member of this group is aurD from P. syringae pv. tomato (Kobayashi et al., 1989) , although it does not appear to provide a model for avirulence gene function. A low-molecular-mass elicitor was detected in culture fluids from strains of P. syringae and E. coli harbouring the cloned aurD gene (Keen et al., 1990) .
Two related, non-proteinaceous molecules, termed syringolides, were found to be responsible for the elicitor activity (Midland et al., 1993; Smith et al., 1993) . Two alleles of aurD, present in different P. syringae isolates, direct the production of different syringolides, the structures of which are consistent with a specificity that discriminates chain length in the fatty acid substrates involved (Yucel et al., 1 9 9 4~) .
Although much has been discovered about the role of avrD and the syringolides, such enzymic activity cannot be predicted from the nucleotide sequences of any of the other P. syringae-type avirulence genes that have been characterized.
avrBs3-like avirulence genes
The key feature of a large family of homologous avirulence genes identified in Xanthomonas spp. is a central region within the ORF of each that appears to be responsible for its precise phenotype toward the plant (Bonas et al., 1989 (Bonas et al., ,1993 De Feyter et al., 1993 ; Hopkins et al., 1992; Swarup et al., 1992 ; Table 4 ). The 102 bp repeated elements are highly conserved with changes limited to about five amino acid positions within each repeat (Bonas et al., 1989) . Deletion of repeats results in changes in specificity, although deletion variants of the same length have different specificities suggesting that it is the positions and sequences of the deleted repeats rather than overall length that critically determine the avirulence function (Herbers et al., 1992) .
Both aurBs3 and pthA require the function of hrp genes for phenotypic expression (Knoop et al., 1991 ; Kingsley et al., 1993) , suggesting that both proteins are exported, despite failure to detect AvrBs3 outside of the bacterial cells (Brown et al., 1993) . Possible reasons for this failure may be protein modification, protection by chaperones or levels of expression below the detection threshold (Yang & Gabriel, 1995) . The structure of the peptides and importance of the positions of repeats in terms of specificity support the idea that the gene products are exported and directly involved in an interaction with a plant receptor. From an analysis of the four sequenced genes of the aurBs3 family, some characteristic features have been identified. Heptad repeats, resembling leucine zippers, which may serve as possible sites for proteinprotein or protein-DNA interactions, were detected, together with three putative nuclear localization sites (NLS) in the C-terminal regions. NLS must be located on the surface of a peptide to function. Fusions of a gusreporter gene with the C-terminal regions of aur66 and pthA introduced by microprojectile bombardment into onion epidermal cells, allowed gus activity to be observed in the nuclei of the plant cells. These results showed that both genes encode functional NLS, but whether these are essential for the plant reaction phenotypes seen in cotton and citrus, respectively, remains to be seen (Yang & Gabriel, 1995) . Although the C-terminal region of most genes in the avrBs3 family is required for function (Bonas et al., 1993; Swarup et al., 1991 Swarup et al., , 1992 Hopkins et al., 1992; De Feyter et al., 1993) , in avrBs3-2, up to two-thirds of the C-terminal region (including the NLS) can be deleted without loss of avirulence function in X . campestris pv. uesicatoria on tomato (Bonas et al., 1993) .
The gene designated pthA, isolated from X . citri, confers an enhanced ability to induce cankers in the related X. campestris pv. citrumelo, an opportunistic leaf-spot pathogen. When introduced into pathogens of bean ( X . phaseoli) and cotton ( X . campestris pv. malvacearum), it functions as an avirulence gene (Swarup et al., 1991 (Swarup et al., , 1992 ). This and results from marker-exchange mutagenesis of seven avirulence genes, including av766, from X. campestris pv. malvacearum have led Yang et al. (1996) to postulate that these genes do not affect bacterial growth in planta, but are involved as virulence factors in the production of water-soaking symptoms and the release of bacteria to the leaf surface.
Elicitors of the hypersensitive response
Harpin, the hrp-encoded elicitor of the hypersensitive response, was first isolated from E. amylovora (harpin,,; Wei et al., 1992) and later from P. syringae pv. syringae (harpin,,,; He et al., 1993) . The amino acid sequences of the two proteins are not similar, but they have common structural features. They are : glycine-rich and lack cysteine residues ; hydrophilic ; lack N-terminal signal sequences ; and are heat-stable. Secretion of harpinpss has been shown to be dependent on the hrpencoded secretion system (He et al., 1993) .
Confusingly, the sensitivity of plants to harpin varied without any obvious correlation to the host range of the bacterium from which it was purified (He et al., 1993; Preston et al., 1995) . This suggests that other functions, possibly avirulence gene products, act with or upon harpin to determine the host range. Alfano et al. (1996) performed a non-polar analysis of the role of hrpZ (which encodes harpin,,,) in both P. syringae and saprophytic bacteria carrying the Hrp cluster on a plasmid, pHIR11. This showed that while HrpZ was necessary for elicitation of a typical HR by saprophytic bacteria harbouring pHIR11, it only enhanced the elicitation in P. syringae. These authors also showed that while HrpZ was essential, it was not sufficient alone to elicit an HR from saprophytic bacteria harbouring pHIR11. They concluded that P. syringae pv. syringae does produce other, as yet unidentified, elicitors. One might speculate that these could be one or more products from avirulence genes that match resistance genes in the host plant (see below).
A functional Hrp pathway has been shown to be required for the phenotypic expression of avirulence genes in pathogenic bacteria, suggesting that the avirulence gene products are secreted from the bacterial cells (Collmer & Bauer, 1994; Dangl, 1994) . Considerable effort has focused on whether harpin has a role in the generation of an avirulence-gene-mediated HR. Three
ORFs have been identified in the hrpZ operon (Huang et -al., 1995) , of which h r p Z 2 encodes the harpin. Two hrpZ2 deletion mutants, which abolish harpin production without affecting the expression of other hrp genes on pHIR11, were expressed together with avrB in E. coli MC4100. When tested on plants, the results showed that harpin was not required for the production of an HR in tobacco nor for the generation of an Avr phenotype in A. thaliana and soybean lines carrying homologues of the matching resistance gene for avrB.
These results showed that the AvrB gene product itself, or in combination with another secreted Hrp gene product, elicits the HR. However, a slower response in A. thaliana, compared with HrpZ' transformants, indicated that harpin might have some accessory role in the production of the Avr phenotype in some combinations of host and pathogen (Pirhonen et al., 1996) .
Conflicting results concerning the role of harpin come from the work of Gopalan et al. (1996a) who used a further deletion mutant, in which harpin production is abolished, and P. fluorescens as the saprophytic host for the plasmid constructs. They showed that elicitation of the HR in soybean and A. thaliana carrying RPGZ (Ashfield et al., 1995) and RPMl (Grant et al., 1995) , respectively, was dependent on a functional hrp cluster, the production and secretion from the same cell of harpin and expression of avrB. A similar dependence on harpin production was observed for E. coli carrying avrPto to elicit an HR in tomato carrying the resistance gene PTO (Martin et al., 1993) . Mutations in h r p Z or hrcC (previously designated hrpH and encoding an envelope protein essential for Hrp functions ; Huang et al., 1992; Wengelnik et al., 1996) result in failure to obtain an HR when levels of AvrB much higher than those required to elicit an H R are present in soybean leaves. HrpZ supplied exogenously to the apoplast (intercellular spaces within the plant) also fails to restore elicitation. These results argue against any synergistic interactions of AvrB and HrpZ in the apoplast. Isoelectric focusing, SDS-denatured and native PAGE revealed no differences in PI or molecular mass of HrpZ from bacteria with and without avrB, indicating that it is unlikely that Avr proteins modify harpin to become a genotype-specific elicitor (Gopalan et al., 1996a) .
A harpin-induced plant gene, bin1 has been shown to be activated rapidly by both harpins and the avrPto gene with the suggestion that harpins may sensitize the plant cell(s) to respond to Avr products or facilitate their entry into the plant cytoplasm (Gopalan et al., 1996b) . T w o groups have investigated the simultaneous delivery to the plant of two avirulence signals and shown that in both cases the plant responses are epistatic rather than additive, and that the interference is outside of the bacterial cell (Reuber & Ausubel, 1996; Ritter & Dangl, 1996) . This implies competition for a common factor and it has been suggested that this might be for a protein that facilitates transfer of the Avr products across the plant cell membrane (Innes, 1996) .
Recent experimental work has suggested that the generation of an Avr phenotype requires transfer of the Avr proteins in plant cells (Brown et al., 1993 ; Young et al., 1994) . The authors concluded that the elicitation of a genotype-specific H R requires the production in a single bacterial cell of a functional type 111 secretion system (Hrp), together with the HrpZ harpin and an avirulence gene product that matches the resistance genotype (Gopalan et al., 1996a) . In Yersinia, the YopD protein is required for entry of virulence factors into animal host cells (Rosqvist et al., 1994) , but no YopD homologue has been identified in phytopathogenic bacteria. Innes (1996) has suggested that harpin may serve an analogous role to YopD for the transfer of Avr products into plant cells.
Exceptions to the gene-for-gene theory
There have been a number of reports of what appear to be exceptions or modifications to a strict gene-for-gene interaction. A few examples appear to involve gene-forgenes interactions. T w o avirulence genes comprise two ORFs: avrE from P. syringae pv. tomato (Lorang & Keen, 1995) and avrPphF.RZ from P. syringae pv. phaseolicola (Mansfield et al., 1997) . The significance of this arrangement remains unclear, but publication of the sequences of the genes involved may permit some useful comparisons. Wood et al. (1994) found two cloned regions of DNA to be required for an avirulence phenotype in P. syringae pv. pisi toward bean; it has since been shown that the gene avrPphD is located in region I and that its stability in the bacterial host is compromised if region I1 is not functional (M. J. Gibbon, J. R. Wood & A. Vivian, unpublished results).
Avirulence or virulence genes: two sides of the same coin?
At face value, avirulence genes do not appear to function as might be imagined. It could be considered more likely for a pathogen to have genes that allow it to overcome host defences rather than trigger the defence response. Also, the gene-for-gene theory proposes matching dominant avirulence and resistance genes in the pathogen and host, respectively, with the gene products being directly involved in the interaction. Until recently it remained an enigma that the primary products of avirulence genes were cytosolic in location in the bacterial cell and devoid of features that might indicate their potential for secretion from, or display on the surface of, a bacterial cell. However, it now appears that avirulence genes may after all be virulence factors, introduced by the Hrp secretion system into plant cells. Plants have evolved to recognize the virulence factors of the pathogens and to localize the damage inflicted by way of a programmed cell-death (HR) (Collmer, 1996; Taylor, 1996) . It has been suggested by Dangl (1994) that combinations of virulence factors, involving some redundancy, operate in a strain on a particular host. If aur genes, which are often plasmid-borne and may have virulence functions, can be assorted in different combinations to provide both additive fitness and redundancy of virulence functions, this would account for the incomplete distribution of many aur genes within a single pathovar and perhaps also implies a more significant role for those few avr genes that are present in all races within a pathovar. Although there remain many questions about the recognition event and its aftermath, we are perhaps in sight of a full understanding of the precise role and mode of action of avirulence genes and the factors controlling the interaction between plants and their bacterial pathogens.
